Abstract. Deregulation of microRNAs (miRNAs) is known to be associated with drug resistance in human cancers. However, the precise role of miR-101 in the cisplatin (DPP) resistance of human gastric cancer cells has not been elucidated, yet.
Introduction
Gastric cancer is one of the most common types of solid tumor and features poor prognosis as well as high mortality. Traditional treatments, including surgical resection, chemotherapy and radiotherapy, show limited curative effects, mainly due to metastasis, recurrence and drug resistance (1, 2) . Therefore, it is urgent to clarify the underlying molecular mechanisms of gastric cancer for the development of novel molecular therapeutic tools.
MicroRNAs (miRs), a class of small non-coding RNAs, have an inhibitory role in the regulation of gene expression by either inducing mRNA degradation or suppressing protein translation (3) . Accumulating evidence has revealed that deregulations of miRNAs participate in the development and progression of human malignances, including gastric cancer (4) (5) (6) . Recently, miR-101 has been found to act as a tumor suppressor in multiple types of malignant tumor, including hepatocellular carcinoma, breast cancer, cervical cancer and lung cancer (7) (8) (9) (10) (11) . For instance, Guo et al (12) found that miR-101 suppressed the epithelial-to-mesenchymal transition in ovarian carcinoma by targeting zinc finger E-box binding homeobox 1 and 2. Lin et al (13) reported that miR-101 inhibited the proliferation of papillary thyroid carcinoma cells by targeting Ras-related C3 botulinum toxin substrate 1. Recently, miR-101 was reported to be frequently downregulated in gastric cancer tissues, and overexpression of miR-101 inhibited gastric cancer cell migration and invasion, suggesting that miR-101 has a suppressive role in gastric cancer (14, 15) . However, the exact role of miR-101 in drug resistance in gastric cancer as well as the underlying mechanisms have not been elucidated, yet.
The present study aimed to reveal the role of miR-101 in the regulation of cisplatin (DPP) resistance in human gastric cancer cells and investigated the underlying molecular mechanisms. Bioinformatics analysis. Bioinformatics analyses were performed to predict the putative target genes of miR-101 using TargetScan software (www.targetscan.org/).
Materials and methods

Reagents
Luciferase reporter assay. In accordance with the manufacturer's instructions, the Quick-Change Site-Directed Mutagenesis kit was used to generate a mutant-type 3'-untranslated region (3'-UTR) of VEGF-C. The wild-type or mutant-type 3'-UTR of VEGF-C was inserted into the psiCHECK™2 vector, respectively. After SGC7901/DDP cells were cultured to ~70% confluence, they were transfected with psiCHECK™2-VEGF-C-3'-UTR or psiCHECK™2-mutant VEGF-C-3'-UTR vector, with or without 100 nM miR-101 mimics, respectively. After transfection for 48 h, the luciferase activities were determined on a LD400 luminometer (Beckman Coulter, Brea, CA, USA). Renilla luciferase activity was normalized to firefly luciferase activity.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay. At 24 h following transfection, cells (5,000 per well)
were seeded in a 96-well plate. After incubation for 48 h, the cells, which were not incubated with DPP, were incubated with MTT (0.5 mg/ml) at 37˚C for 4 h. The medium was removed and the precipitated formazan was dissolved in 100 ml dimethyl sulfoxide. The absorbance at 570 nm was then detected using a microplate reader (PHERAstar FS; Life Technologies, Grand Island, NY, USA).
Apoptosis assay. Cells were treated with DPP (1 mM; TCI Chemicals, Shanghai, China) for 6 h, following which cell apoptosis was examined. The cells were seeded in six-well plates. For each group, flow cytometry was used (Accuri C5 Flow Cytometer; BD Biosciences, Franklin Lakes, NJ, USA) to determine the apoptotic rate of SGC7901/DDP cells by determining the relative amount of Annexin V-fluorescein isothiocyanate-positive/propidium iodide-negative cells using an Apoptosis Detection Kit I according to the manufacturer's instructions.
Western blot analysis. Cells were lysed with radioimunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) to extract the protein. After the protein concentration was determined, equal amounts (25 µg/lane) were loaded onto a 12% sodium dodecyl sulfate polyacrylamide gel (Beyotime Institute of Biotechnology), subjected to electrophoresis and transferred onto a polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific). The PVDF membrane was then incubated with mouse monoclonal anti-VEGF-C antibody and mouse monoclonal anti-GAPDH antibody, respectively, at room temperature for 3 h. After washing with phosphate-buffered saline containing Tween 20 three times, the PVDF membrane was incubated with the horseradish peroxidase-conjugated rabbit anti-mouse secondary antibody at room temperature for 1 h. An ECL kit was used for chemiluminescent detection. Images were captured using a ChemiDoc MP system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The relative protein expression was analyzed by Image-Pro plus software (version 6.0; Media Cybernetics, Rockville, MD, USA). The protein concentrations were determined using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific), in accordance with the manufacturer's protocol.
Statistical analysis.
Values are expressed as the mean ± standard deviation of three independent experiments. Statistical analysis of differences was performed using the two-tailed Student's t test. SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used to perform statistical analyses. P<0.05 was considered to indicate a statistically significant difference between values.
Results
miR-101 is frequently downregulated in gastric cancer cell lines.
The present study first determined the expression levels of miR-101 in five common gastric cancer cell lines, SNU5, HGC27, BGC823, SGC7901 and AGS, as well as in the normal gastric mucosa epithelial cell line GES1 as a control using real-time RT-qPCR. As shown in Fig. 1 , miR-101 was frequently downregulated in gastric cancer cell lines compared to that in the GES1 normal gastric mucosa epithelial cell line.
As the downregulation of miR-101 expression was most significant in SGC7901 cells, the present study used DDP-resistant SGC7901/DDP cells in all subsequent experiments to investigate the role of miR-101 in the drug resistance of gastric cancer.
Inverse expression of miR-101 and VEGF-C in DDP-resistant gastric cancer cells. RT-qPCR was performed to determine the expression of miR-101 in SGC7901/DDP cells as well as in SGC7901 cells as a control. As shown in Fig. 2A , the expression levels of miR-101 in SGC7901/DDP cells were significantly lower than those in SGC7901 cells. Furthermore, RT-qPCR and western blot analysis was used to assess the mRNA and protein expression of VEGF-C in these two cell lines. As shown in Fig. 2B and C, the mRNA and protein levels of VEGF-C were markedly increased in SGC7901/DDP cells compared to those in SGC7901 cells. These findings suggested that deregulation of miR-101 and VEGF-C may be involved in the drug resistance of SGC7901/DDP gastric cancer cells. 
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the cell proliferation in each group was determined. As demonstrated in Fig. 3B , upregulation of miR-101 significantly inhibited the proliferation, while downregulation of miR-101 significantly promoted the proliferation of SGC7901/DDP cells when compared with that in the control group. Furthermore, the apoptotic rate following DDP treatment was determined in each group. As shown in Fig. 3C , overexpression of miR-101 promoted DDP-induced apoptosis, while inhibition of miR-101 expression suppressed DDP-induced apoptosis when compared to that in the control group. These findings indicated that 
VEGF-C is a direct target of miR-101 in SGC7901/DDP cells.
According to bioinformatics analysis, VEGF-C was predicted to be a potential target gene of miR-101. To verify this, the wild-type and mutant-type 3'-UTRs of VEGF-C were generated ( Fig. 4A ) and inserted into luciferase reporter vectors, which were transfected into DDP-resistant human gastric cancer SGC7901/DDP cells. As shown in Fig. 4B , the luciferase activity was significantly decreased in SGC7901/DDP cells co-transfected with miR-101 mimics and the plasmid expressing the wild-type VEGF-C 3'-UTR. However, the luciferase activity was unaltered in cells co-transfected with miR-101 mimics and the plasmid expressing the mutant-type VEGF-C 3'-UTR. These results indicated that VEGF-C is a target gene of miR-101 in SGC7901/DDP human gastric cancer cells. Furthermore, the present study investigated the effects of the upregulation and downregulation of miR-101 on the expression of VEGF-C in SGC7901/DDP cells. As demonstrated in Fig. 4C , following overexpression of miR-101, the protein expression of VEGF-C was significantly decreased. By contrast, inhibition of miR-101 enhanced the protein expression of VEGF-C in SGC7901/DDP cells. All of these findings suggested that miR-101 negatively mediates the expression of VEGF-C in SGC7901/DDP cells.
Overexpression of VEGF-C inhibits DDP-induced apoptosis in SGC7901/DDP cells. While the abovementioned findings
suggested that miR-101 promotes DDP-induced apoptosis in SGC7901/DDP cells through directly targeting VEGF-C, it remained to be clarified whether VEGF-C is indeed involved in the DDP resistance in gastric cancer cells. To confirm this speculation, SGC7901/DDP cells were transfected with VEGF-C to upregulate the VEGF-C overexpression plasmid, following which the protein expression of VEGF-C was significantly increased (Fig. 5A) . Subsequently, the cells' sensitivity to DDP-induced apoptosis was tested. As shown in Fig. 5B , overexpression of VEGF-C significantly inhibited DDP-induced apoptosis in SGC7901/DDP cells when compared with that in the untransfected control SGC7901/DDP cells. These findings suggested that VEGF-C is indeed involved in the DDP resistance of gastric cancer cells.
Discussion
miR-101 has been reported be downregulated in human gastric cancer and has an inhibitory role in mediating the proliferation, migration and invasion of gastric cancer cells (14) . However, the exact role of miR-101 in the drug resistance of gastric cancer as well as the underlying mechanism have not been elucidated, to the best of our knowledge. The present study found that miR-101 was frequently downregulated in gastric cancer cell lines when compared with that in normal gastric mucosa epithelial cells, consistent with the results of previous studies (14, 15) . It has been reported that the expression levels of miR-101 in gastric cancer tissues were significantly reduced when compared to those in their matched normal tissues, and lower levels of miR-101 
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were associated with increased tumor invasion and lymph-node metastasis, suggesting that downregulation of miR-101 may have a role in the progression of gastric cancer (14, 15) .
To reveal the role of miR-101 in the regulation of drug resistance in gastric cancer, the DDP-resistant gastric cancer cell line SGC7901/DDP was used, in which miR-101 was downregulated compared to that in SGC7901 cells. Furthermore, forced overexpression of miR-101 significantly inhibited the proliferation and promoted DDP-induced apoptosis in SGC7901/DDP cells, indicating that miR-101 sensitized SGC7901/DDP cells to DDP. In fact, similar findings have also been reported in other types of human cancer. For instance, Xu et al (7) reported that miR-101 enhanced DDP-induced apoptosis in hepatocellular carcinoma cells, probably via inhibition of autophagy. In analogy with this, Chang et al (17) also found that miR-101 enhanced osteosarcoma-cell chemosensitivity to DDP through suppressing autophagy.
Apart from mediating autophagy, miR-101 has also been demonstrated to be associated with sensitivity to drugs in several types of human cancer, probably through inhibiting the expression of genes associated with drug resistance. For instance, Liu et al (18) found that overexpression of miR-101 inhibited the expression of zeste homolog 2 and re-sensitized drug-resistant epithelial ovarian cancer cells to DDP (18) . Bu et al (19) found that enforced expression of miR-101 promoted cisplatin sensitivity in human bladder cancer cells via inhibition of the cyclooxygenase-2 pathway. As one miR can mediate numerous target genes, the present study further explored the potential targets of miR-101 involved in the DDP resistance of gastric cancer. Through performing a bioinformatics analysis and a luciferase reporter assay, VEGF-C was identified as a target gene of miR-101, and miR-101 was revealed to negatively regulate the protein expression of VEGF-C through directly binding to the 3'-UTR of VEGF-C mRNA in SGC7901/DDP cells. In addition, it was found that the mRNA expression of VEGF was also negatively affected by miR-101, and there may be additional indirect regulatory pathways involved in miR-101-mediated VEGF expression.
VEGF-C, a member of the VEGF family, can promote angiogenesis and endothelial cell growth, as well as affect the permeability of blood vessels, through directly binding and activating VEGF receptor 2 and 3 (20) (21) (22) . A recent study suggested that de-regulation of VEGF-C is associated with the development and progression of gastric cancer (23). Wang et al (23) reported that high expression VEGF-C was significantly correlated with extensive lymph-node metastasis, an advanced stage and the Lauren type of gastric adenocarcinoma. In addition, the expression of VEGF-C was shown to be associated with poor survival in gastric cancer tissues (24) . These previous studies suggested that VEGF-C has an oncogenic role in gastric cancer. In addition, VEGF-C was found to be involved in drug resistance of several types of human malignancies (25) (26) (27) . For instance, Li et al (26) found that VEGF-C was significantly upregulated in the Lewis murine lung carcinoma cell line which is resistant to the treatment with a potent VEGF inhibitor, while inhibition of VEGF-C in resistant cells suppressed endothelial-cell migration and partially restored sensitivity to anti-VEGF therapy. Hua et al (27) reported that VEGF-C modulated chemoresistance in acute myeloid leukemic cells through an endothelin-1-dependent induction of cyclooxygenase-2. The present study found that overexpression of VEGF-C significantly inhibited DDP-induced apoptosis in gastric cancer cells, suggesting that VEGF-C is indeed involved in drug resistance in gastric cancer. Cho et al (25) also showed that VEGF-C depletion sensitized RhoGDI2-overexpressing cells to DDP-induced apoptosis in vitro and in vivo, while secreted VEGF-C conferred DDP resistance to RhoGDI2-overexpressing gastric cancer cells. Furthermore, the present study showed that the expression of VEGF-C was markedly upregulated in DDP-resistant gastric cancer cells, accompanied with the downregulation of miR-101. Based on these findings, it is indicated that the miR-101/VEGF-C axis is involved in the regulation of DDP resistance in gastric cancer.
In conclusion, the present study showed that miR-101 inhibited the proliferation and promoted DDP-induced apoptosis in DPP-resistant gastric cancer cells, at least in part through inhibition of VEGF-C expression by targeting the 3'UTR of VEGF-C mRNA. Therefore, the present study provided novel insight into the drug resistance in gastric cancer, and indicated that miR-101 may be used for the treatment of drug-resistant gastric cancer.
